Na
ϩ ,K ϩ -ATPase activity was determined in erythrocyte membranes from 12 phenylketonuric patients of both sexes, aged 8.8 Ϯ 5.0 y, with plasma phenylalanine levels of 0.64 Ϯ 0.31 mM. The in vitro effects of phenylalanine and alanine on the enzyme activity in erythrocyte membranes from healthy individuals were also investigated. We observed that Na ϩ ,K ϩ -ATPase activity was decreased by 31% in erythrocytes from phenylketonuric patients compared with normal age-matched individuals (p Ͻ 0.01). We also observed a significant negative correlation between erythrocyte Na ϩ ,K ϩ -ATPase activity and plasma phenylalanine levels (r ϭ Ϫ0.65; p Ͻ 0.05). All PKU patients with plasma phenylalanine levels higher than 0.3 mM had erythrocyte Na ϩ ,K ϩ -ATPase activity below the normal range. Phenylalanine inhibited in vitro erythrocyte Na ϩ ,K ϩ -ATPase activity by 22 to 34%, whereas alanine had no effect on this activity. However, when combined with phenylalanine, alanine prevented Na ϩ ,K ϩ -ATPase inhibition. Considering that reduction of Na ϩ ,K ϩ -ATPase activity occurs in various neurodegenerative disorders leading to neuronal loss, our previous observations showing a significant reduction of Na ϩ ,K ϩ -ATPase activity in brain cortex of rats subjected to experimental phenylketonuria and the present results, it is proposed that determination of Na ϩ ,K PKU is an inherited metabolic disease caused by a severe deficiency of Phe hydroxylase activity. As a consequence, Phe and its deaminated metabolites accumulate in urine, blood, and tissues. Neurologic dysfunction is the clinical hallmark of PKU, but the mechanisms by which brain damage occur are complex and poorly understood (1) . Na ϩ ,K ϩ -ATPase (EC 3.6.1.3), the membrane-bound enzyme responsible for the active transport of Na ϩ and K ϩ across the cell membrane, utilizes 30 to 60% of the ATP synthesized in the brain (2) . Considering that Na ϩ ,K ϩ -ATPase activity is essential for synaptic and cellular functions, it is possible that reduction in the activity of this enzyme due either to inhibitors or to ATP depletion may disrupt normal brain development (3) . In this context, it has been demonstrated that injection of ouabain, a potent Na ϩ ,K ϩ -ATPase inhibitor, into the rat striatum and substantia nigra causes selective neuronal loss in up to 70% of the damaged area with glial cell and macrophage proliferation in the core of the lesion (4). In addition, it has been demonstrated that the extent of neuronal loss observed after injection of specific and nonspecific Na ϩ ,K ϩ -ATPase inhibitors into the dorsal hippocampus of rats roughly paralleled their potency as inhibitors of the enzyme (5).
We have previously reported that Na ϩ ,K ϩ -ATPase activity is reduced in synaptic plasma membrane from brain cortex of rats subjected to chronic hyperphenylalaninemia (6) and that this reduction is prevented by the simultaneous administration of Ala (7) . We have also observed that Phe inhibits in vitro Na ϩ ,K ϩ -ATPase activity in membranes from normal rats, and Ala reverses this inhibition by competition at the same binding site (8) .
Because human brain tissue is not available for direct measurement of Na ϩ ,K ϩ -ATPase activity, it is important to identify peripheral markers that might reflect the effects of Phe on this enzyme activity in the CNS. Therefore, considering that ␣1 is the main Na ϩ ,K ϩ -ATPase isozyme in both brain and erythrocyte membranes (9) and that the enzymes from brain and erythrocyte membranes have similar pharmacologic and biochemical characteristics (10) , the aim of the present study was to investigate whether Na ϩ ,K ϩ -ATPase activity in erythrocytes is altered in PKU patients, as well as whether this measurement could be used as a possible marker for the effects of Phe on the enzyme activity in the brain. First, we compared Na ϩ ,K ϩ -ATPase activity in erythrocyte membranes from PKU patients and from age-matched controls. Next, we investigated the in vitro effects of Phe or Ala, alone or combined, on the enzyme activity in erythrocyte membranes from healthy children.
METHODS

Subjects.
Blood specimens from 12 fasting PKU children of both sexes (seven boys and five girls) aged 8.8 Ϯ 5.0 y on a low Phe diet with poor acceptance and from 15 normal agematched individuals (controls) were used for the experiments. All patients were followed up by the same physician at the Medical Genetic Service of the Clinical Hospital of Porto Alegre and were under the same protocol for phenylketonuric patient management. Besides being affected by PKU, no other disorder was identified in the patients. Erythrocytes were obtained after centrifugation (400 ϫ g for 10 min) of peripheral venous blood collected into heparinized syringe for routine plasma Phe determination. Controls had normal plasma Phe levels and no clinical and laboratory evidence of any metabolic disease, whereas PKU patients had plasma Phe levels of 0.64 Ϯ 0.31 mM and moderate to severe mental retardation. At the time of blood sample collection, nine patients had plasma Phe levels higher than 0.3 mM and three had plasma Phe levels of 0.3 mM or lower. Plasma Ala levels did not differ significantly between patients (0.41 Ϯ 0.15 mM) and controls (0.47 Ϯ 0.17 mM) (t (25) ϭ 0.64; p Ͼ 0.5). Plasma Phe and Ala levels were measured according to McCaman and Robins (11) and Joseph and Marsden (12) , respectively. This work was approved by the ethical committee of the university and was conducted according to the principles expressed in the Declaration of Helsinki. All studies were conducted with informed consent.
Preparation of erythrocyte membranes. Erythrocyte membranes were prepared by the method of Matteucci et al. (13) with some modifications. The membrane preparation was carried out at 4°C. Briefly, erythrocytes from 2 mL of fresh venous blood were separated by centrifugation at 400 ϫ g for 10 min. Packed erythrocytes were washed twice in 20 mL of an isotonic medium, pH 7.4, containing 0.25 M mannitol, 20 mM Tris, and 1 mM EDTA. The pellet was resuspended in 2 mL of the above medium. After the addition of 18 mL of deionized water, the suspension was stirred on ice for 15 min and centrifuged at 20,000 ϫ g for 20 min. The pellet was resuspended in 2 mL of mannitol-Tris-EDTA buffer, stirred for 15 min after the addition of 18 mL of deionized water, and centrifuged at 20,000 ϫ g for 20 min. The last procedure was repeated twice. Ghost membranes were suspended in 0.5 mL of 40 mM Tris-HCl buffer, pH 7.4, to a final protein concentration of 0.8 to 1.5 mg/mL. Membranes stored at Ϫ20°C retained the enzyme activity for at least 2 wk. The Hb that remained attached to the membrane surface was measured with the kit 527-A (Sigma Chemical Co., St. Louis, MO, U.S.A.), and the value was subtracted from the total protein concentration.
Enzyme assay. Mg 2ϩ -ATPase and Na ϩ ,K ϩ -ATPase activities were assayed according to Tsakiris and Deliconstantinos (14) . Ten microliters of erythrocyte membranes was added to the reaction mixture for the Mg 2ϩ -ATPase and Na ϩ ,K ϩ -ATPase assay containing 5.0 mM MgCl 2 , 80.0 mM NaCl, 20.0 mM KCl, 40.0 mM Tris-HCl buffer, pH 7.4, in a final volume of 0.2 mL. The reaction was started by the addition of ATP (vanadium-free disodium salt) to a final concentration of 3.0 mM. The reaction was stopped after 10 min by the addition of 0.2 mL of 0.66 M trichloroacetic acid (TCA). Mg 2ϩ -ATPase was assayed under the same conditions but with the addition of 1.0 mM ouabain. Na ϩ ,K ϩ -ATPase activity was calculated by the difference between the two values. For the in vitro studies, Phe or Ala was dissolved in 40 mM Tris-HCl buffer, pH 7.4, and added to the incubation mixture to a final concentration of 0.3 to 1.2 mM. Released inorganic phosphate (Pi) was measured by the method of Chan et al. (15) . Results were expressed as nmol Pi/min·mg protein. Protein was measured by the method of Bradford (16), using BSA as standard. All assays were run in triplicate. All chemicals were purchased from Sigma Chemical Co., St. Louis, MO, U.S.A., and were of analytical grade.
Data were analyzed by t test or by 1-way ANOVA, followed by the Duncan multiple range test when the F test was significant. Pearson linear correlation was used to compare plasma Phe levels and erythrocyte Na 
RESULTS
The activities of membrane-bound Na ϩ ,K ϩ -ATPase and Mg 2ϩ -ATPase in erythrocytes from controls were 10.7 Ϯ 1.05 nmol Pi/min·mg protein and 9.7 Ϯ 1.50 nmol Pi/min·mg protein, respectively. These values are similar to those obtained by others (13, 17) . Erythrocyte Na ϩ ,K ϩ -ATPase specific activity (7.4 Ϯ 1.60) was significantly decreased by 31% in PKU patients (t (25) ϭ 6.02; p Ͻ 0.001), whereas Mg 2ϩ -ATPase activity (8.83 Ϯ 1.48) was not significantly affected (t (25) ϭ 1.87; p Ͼ 0.05). Figure 1 shows a significant negative correlation between plasma Phe levels and erythrocyte Na ϩ ,K ϩ -ATPase activity in PKU patients (r ϭ Ϫ0.65; p Ͻ 0.05). It can also be seen that all PKU patients with plasma Phe levels higher than 0.3 mM had erythrocyte Na ϩ ,K ϩ -ATPase activity below the normal range.
Next, we determined the in vitro effects of Phe, Ala, or Ala plus Phe on the enzyme activities in erythrocyte membranes from normal individuals (Figs. 2, 3, and 4) . Phe had no effect on Mg 2ϩ -ATPase activity [F (4, 35) ϭ 0.25; p Ͼ 0.9] at any concentration tested but significantly inhibited Na ϩ ,K ϩ -ATPase activity by 22 to 34% [ F (4, 35) ϭ 3.18; p Ͻ 0.02] (Fig. 2) . Ala had no effect on Na (Fig. 3) . When Ala to a final concentration of 0.6 mM was added to the incubation medium containing Phe (0.3-1.2 57 ERYTHROCYTE Na ϩ ,K ϩ -ATPASE IN PHENYLKETONURIA mM), no effect was observed on Na (Fig. 4) .
We also tested the effect of Ala on the Na 
DISCUSSION
Although severe mental retardation is the clinical hallmark of untreated PKU patients, the mechanisms underlying the neurologic dysfunction in this disorder are probably multiple and not fully known. We have recently demonstrated that rats subjected to chemically induced hyperphenylalaninemia have a significant decrease of Na ϩ ,K ϩ -ATPase activity in synaptic plasma membrane from brain cortex (6) . Therefore, considering the importance of Na ϩ ,K ϩ -ATPase activity for brain development and function, it would appear desirable to measure the activity of this enzyme in the brain of PKU children. However, because human brain specimens are not usually available for direct biochemical evaluation, it seems worthwhile to identify peripheral markers that could reflect neurotoxicity by noninvasive means (18) . Several parameters of neurotransmission have been identified in platelets, lymphocytes, and erythrocytes whose pharmacologic and biochemical characteristics are similar to those of the CNS (19) . So, Na ϩ ,K ϩ -ATPase activity in red blood cells has been considered a reliable peripheral neurotransmitter parameter (10) . On the other hand, reduction of Na ϩ ,K ϩ -ATPase activity in erythrocytes from patients with bipolar illness has been considered evidence that a primary or secondary dysfunction of the Na ϩ ,K ϩ -ATPase plays a predisposing or direct etiologic role in this disease (20) . In addition, reduced Na ϩ ,K ϩ -ATPase activity was found in the brain of uremic rats with neurologic dysfunction (21) as well as in erythrocytes of uremic patients (22). In these situations, the reduction in this enzyme activity was caused by the accumulation of endogenous ouabain-like factors, a fact indicative that erythrocytes are effective peripheral markers of neurologic dysfunction.
Because ␣1 is the Na ϩ ,K ϩ -ATPase isozyme predominant in both brain and erythrocyte membranes (10), the main objective of the present study was to determine Na ϩ ,K ϩ -ATPase activity in erythrocyte membranes of PKU patients in the hope to verify 
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whether the erythrocyte enzyme activity could serve as a peripheral marker by which Phe neurotoxicity could be monitored in PKU. We observed that Na ϩ ,K ϩ -ATPase activity was decreased by 31% in erythrocyte membranes from PKU patients, whereas Mg 2ϩ -ATPase was not affected, indicating a specific effect on Na ϩ ,K ϩ -ATPase. We also observed a significant negative correlation between plasma Phe levels and erythrocyte Na ϩ ,K ϩ -ATPase activity and that only PKU patients presenting plasma Phe levels higher than 0.3 mM had erythrocyte Na ϩ ,K ϩ -ATPase activity below normal levels. These results suggest that determination of erythrocyte Na ϩ ,K ϩ -ATPase activity in PKU patients may reflect Phe toxicity.
We have previously reported that Ala prevents by competition the in vitro Na ϩ ,K ϩ -ATPase activity inhibition provoked by Phe in synaptic plasma membrane of cerebral cortex from normal rats (6, 8) . We have also demonstrated that Ala administration to rats subjected to chemically induced PKU prevents the reduction of Na ϩ ,K ϩ -ATPase activity in synaptic plasma membrane of rat brain cortex. Taking into consideration these results, we decided to add Ala to the enzyme assay in erythrocyte membranes from PKU patients and observed no modification of the Na ϩ ,K ϩ -ATPase activity. Considering that Phe is present at insignificant amounts in the isolated washed erythrocyte membranes from PKU patients, it was not surprising that Ala could not reverse this inhibition, because reversion occurs by competition with Phe. Therefore, it is possible that the reduced enzyme activity found in the erythrocyte membrane from PKU patients was not due to a reversible enzymatic inhibition by Phe as observed in vitro but to a diminution of the number of active enzyme molecules in the membrane due to diminished synthesis and/or increased degradation, a mechanism to be elucidated. However, we cannot rule out an in vivo inhibition by a direct effect of Phe on Na ϩ ,K ϩ -ATPase activity.
Next, we studied the in vitro effects of Phe, Ala, or Ala plus Phe on Na ϩ ,K ϩ -ATPase activity in erythrocyte membranes from healthy controls. We observed that Phe significantly inhibited Na (Fig.  1) , it is possible that the mechanism involved in the in vivo and in vitro inhibition is distinct. It should be also considered that the intracellular Phe concentration in erythrocytes is possibly lower than that of plasma because the uptake of this amino acid by human red blood cells seems to be not so efficient (23, 24) . If that is the case, plasma Phe concentrations in PKU patients do not necessarily reflect erythrocyte Phe concentrations. In this context, it has been demonstrated that Phe concentrations in the brain of PKU patients are 3-4-fold lower than those of plasma (25).
We also observed that the in vitro enzyme activity inhibition caused by the presence of Phe in the incubation medium and the reduction of Na ϩ ,K ϩ -ATPase activity shown in the PKU patients are specific for Na ϩ ,K ϩ -ATPase, because Mg 2ϩ -ATPase activity was not affected by this amino acid. In addition, we demonstrated that Ala alone had no effect on the in vitro Na ϩ ,K ϩ -ATPase activity but prevented the inhibitory effect of Phe on the enzyme when added simultaneously to the incubation medium.
Taken together, these results indicate that the biochemical characteristics of Na ϩ ,K ϩ -ATPase from rat brain cortex and from human erythrocytes are similar with respect to the effects of Phe and Ala on Na ϩ ,K ϩ -ATPase activity. Furthermore, considering that ␣1 is the predominant isoform of Na ϩ ,K ϩ -ATPase in brain and in erythrocytes, it is possible that the reduction of erythrocyte Na ϩ ,K ϩ -ATPase activity detected in the present study also occurs in the CNS of PKU children.
A great body of evidence associates neurotoxicity with a reduction of Na ϩ ,K ϩ -ATPase activity, suggesting that reduction in Na ϩ ,K ϩ -ATPase activity may be a link between several common neurotoxic mechanisms (26). In this context, it has been demonstrated that 0.05-0.5-M ouabain concentrations that inhibit Na ϩ ,K ϩ -ATPase activity by 30% (27) provoke an increase of Na ϩ uptake and cytosolic-free Ca 2ϩ concentration and a decrease of the membrane potential of synaptosomes from cerebral cortex of rats (28). In addition, spongiform encephalopathy has been associated with a 40% decrease of Na ϩ ,K ϩ -ATPase activity in brain cortex of a neonate (29). The neurotoxicity provoked by Na ϩ ,K ϩ -ATPase inhibition was also associated with glutamate release and excitotoxicity (4, 30) . Therefore, if the 31% reduction of Na ϩ ,K ϩ -ATPase activity identified in the present study in the erythrocytes of PKU patients also occurs in their brain, it is tempting to speculate that reduction of Na ϩ ,K ϩ -ATPase activity may be one of the mechanisms by which Phe is toxic to the brain. If this is the case, determination of Na ϩ ,K ϩ -ATPase activity in human red blood cells may be a useful peripheral marker for Phe neurotoxicity in PKU. We should, however, rule out other disorders affecting PKU patients known to reduce erythrocyte Na ϩ ,K ϩ -ATPase activity, such as uremia (22), rheumatoid arthritis (31), diabetes mellitus (32), and essential hypertension (33). It should be emphasized that more work will be needed to support these preliminary observations that Na ϩ ,K ϩ -ATPase activity in red blood cells is useful as a marker for neurotoxicity in PKU.
